Magnetic susceptibility monitoring and modelling (MSMM):a non-invasive method for acquiring and modelling exceptionally large datasets from column experiments with manufactured nanoparticles by Riley, Michael et al.
 
 
University of Birmingham
Magnetic susceptibility monitoring and modelling
(MSMM)
Riley, Michael; Suttie, Neil; Stevenson, Carl; Tellam, John
DOI:
10.1016/j.colsurfa.2018.12.003
License:
Creative Commons: Attribution-NonCommercial-NoDerivs (CC BY-NC-ND)
Document Version
Peer reviewed version
Citation for published version (Harvard):
Riley, M, Suttie, N, Stevenson, C & Tellam, J 2019, 'Magnetic susceptibility monitoring and modelling (MSMM): a
non-invasive method for acquiring and modelling exceptionally large datasets from column experiments with
manufactured nanoparticles', Colloids and Surfaces A: Physicochemical and Engineering Aspects, vol. 563, pp.
289-301. https://doi.org/10.1016/j.colsurfa.2018.12.003
Link to publication on Research at Birmingham portal
Publisher Rights Statement:
Checked for eligibility 03/12/2018
Published in Colloids and Surfaces A: Physicochemical and Engineering Aspects on 04/12/2018
General rights
Unless a licence is specified above, all rights (including copyright and moral rights) in this document are retained by the authors and/or the
copyright holders. The express permission of the copyright holder must be obtained for any use of this material other than for purposes
permitted by law.
•	Users may freely distribute the URL that is used to identify this publication.
•	Users may download and/or print one copy of the publication from the University of Birmingham research portal for the purpose of private
study or non-commercial research.
•	User may use extracts from the document in line with the concept of ‘fair dealing’ under the Copyright, Designs and Patents Act 1988 (?)
•	Users may not further distribute the material nor use it for the purposes of commercial gain.
Where a licence is displayed above, please note the terms and conditions of the licence govern your use of this document.
When citing, please reference the published version.
Take down policy
While the University of Birmingham exercises care and attention in making items available there are rare occasions when an item has been
uploaded in error or has been deemed to be commercially or otherwise sensitive.
If you believe that this is the case for this document, please contact UBIRA@lists.bham.ac.uk providing details and we will remove access to
the work immediately and investigate.
Download date: 01. Mar. 2020
RILEY ET AL. MAGNETIC SUSCEPTIBILITY MONITORING AND MODELLING (MSMM) 
COLLOIDS AND SURFACES 1 
Evaluating quantitative models of manufactured nanoparticle migration processes in porous 1 
media using non-invasive magnetic susceptibility monitoring and modelling (MSMM) 2 
Magnetic susceptibility monitoring and modelling (MSMM):  a non-invasive method for 3 
acquiring and modelling exceptionally large datasets from column experiments with 4 
manufactured nanoparticles 5 
 6 
 7 
 8 
Michael S. Riley
1,
 *, Neil Suttie
1
, Carl T. Stevenson
1
, John H. Tellam
1
 9 
 10 
 11 
 12 
1
School of Geography, Earth and Environmental Sciences 13 
University of Birmingham 14 
Edgbaston 15 
Birmingham B15 2TT 16 
UK 17 
 18 
*Corresponding Author 19 
Tel:  +44 (0)121 414 6139 20 
Fax:  +44 (0)121 414 4942 21 
E-mail: M.Riley@bham.ac.uk 22 
 23 
 24 
  25 
RILEY ET AL. MAGNETIC SUSCEPTIBILITY MONITORING AND MODELLING (MSMM) 
COLLOIDS AND SURFACES 2 
ABSTRACT 26 
 27 
Identifying and quantifying the processes governing nanoparticle transport in porous media using 28 
breakthrough curves with or without retention profiles from laboratory column experiments is 29 
frequently subject to uncertainty due to the limited information content of such datasets.  An 30 
integrated system of automated, non-invasive magnetic susceptibility monitoring and numerical 31 
modelling (MSMM) has been developed to provide exceptionally detailed datasets for assessing the 32 
validity of transport models of magnetic nanoparticles within a column.  MSMM produces the 33 
equivalent of a breakthrough curve for each monitored location along the column and uses the 34 
enhanced dataset to constrain numerical models more effectively.  The results of 2 example column 35 
experiments using magnetite nanoparticles and interpreted with MSMM are presented to demonstrate 36 
the approach:  (i) using quartz sand (with 46,002 susceptibility measurements over 37 hours) and (ii) 37 
using crushed Triassic Sandstone (with 19,654 measurements over 20 hours).  The quartz sand 38 
experiment showed no nanoparticle retention:  MSMM showed the system could be well described by 39 
an advection-dispersion model, which predicted a breakthrough curve consistent with that derived 40 
from magnetic monitoring and with the breakthrough curve acquired independently using a 41 
fluorescein tracer.  In contrast, no breakthrough was observed in the sandstone experiment, but even 42 
in the absence of a breakthrough curve, MSMM indicated that the retention processes were spatially 43 
heterogeneous and consistent with a combination of parameterised models of physical straining and 44 
limited capacity irreversible attachment. 45 
 46 
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1. INTRODUCTION 54 
 55 
The potential environmental impacts of the incidental release of manufactured nanoparticles into 56 
aquifers and the wider aquatic environment have been the subject of numerous studies.  In addition, 57 
the potential risks associated with the use of nano zero-valent iron (nZVI) in subsurface remediation 58 
has also been discussed [1], and a voluntary moratorium on the implementation of nanoremediation 59 
has been in place in the UK since 2005 [2].  Understanding the transport of manufactured 60 
nanoparticles in aquifers is fundamental both to predicting the spread of nanoparticle contamination 61 
and to designing safe and effective remediation strategies with nZVI.  The processes underpinning 62 
nanoparticle transport in aquifers are complex, but might be classified broadly into advection, 63 
hydrodynamic dispersion, retention and aggregation.  Identification and the quantitative 64 
characterization of retention processes present significant challenges to investigators.  A range of 65 
retention processes has been suggested including physical straining; and primary or secondary 66 
minimum attachment [3, 4], which are often assumed to be irreversible or reversible respectively.  67 
Typically, empirical kinetic relationships are used to describe each process. 68 
 69 
The testing of quantitative models of nanoparticle migration is often based upon breakthrough curves 70 
derived from column experiments, sometimes augmented by retention profiles acquired at the end of 71 
each experiment.  The information content of such data is limited:  a breakthrough curve gives 72 
nanoparticle concentrations in the carrier fluid over time at a single location in space, and a retention 73 
profile gives a spatial distribution of retained nanoparticles at just a single point in time, namely the 74 
end of the experiment.  As the number of parameters needed to describe the retention processes 75 
increases, there is an increasing possibility of non-unique sets of parameter values producing similar 76 
fits to the data, resulting in uncertainty in the parameterisation of a conceptual model.  Perhaps more 77 
significantly, such limited data may be consistent with a number of conceptual models, potentially 78 
leading to a fundamental misunderstanding of the processes governing nanoparticle transport.  79 
Including measurements taken along the full length of the column throughout an experiment provides 80 
the investigator with a record of the temporal evolution of the spatial distribution of nanoparticles, 81 
which can potentially reduce the uncertainty in model identification and quantification.  Techniques 82 
that provide such measurements can be classified broadly as invasive or non-invasive. 83 
 84 
Invasive methods for monitoring pollutant transport within porous media, such as repeat sampling 85 
from ports along a column, have the disadvantage of affecting the experiment and typically sampling 86 
over small, potentially unrepresentative volumes.  Additionally, destructive methods of analysing 87 
retention profiles, particularly in intact rock, require the column to be sliced, which limits the spatial 88 
resolution of data and results in an unquantified loss of nanoparticle mass [5]; and distinguishing 89 
nanoparticles retained in a rock from naturally occurring particles can be problematic, e.g. when using 90 
iron or silica-based nanoparticles. 91 
 92 
Several non-invasive or minimally invasive methods exist including fluorescence imaging [6], 93 
scanning optical fibre fluorescence profilers [7], and positron emission projection imaging [8].  94 
Magnetic resonance imaging has the potential to allow the high-resolution, three-dimensional 95 
investigation of transport through columns [9], although its use is restricted to media with low 96 
concentrations of ferromagnetic substances.  None of the above are without disadvantages:  a critical 97 
review of non-invasive monitoring techniques is given by Werth et al. [10]. 98 
 99 
We present an investigation method based upon magnetic susceptibility logging (MSL), a non-100 
invasive technique, used routinely in the investigation of the microstratigraphy of rock cores, in which 101 
the magnetic susceptibility of slices across a cylinder is measured.  MSL been used successfully to 102 
image single profiles of nZVI along a column [11, 12] and to produce a manually acquired sequence 103 
of profiles during a transport experiment using maghaemite nanoparticles [13].  Naturally occurring 104 
iron in the rock can be accounted for simply by taking initial background susceptibility measurements 105 
along the column.  The accuracy of MSL using industry-standard equipment is well understood [14].  106 
However, the relationship between magnetic susceptibility and the distribution of mass between 107 
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nanoparticles suspended in fluid and those retained on the rock needs to be clarified before MSL can 108 
be used with confidence in the quantitative modelling of reactive nanoparticle transport.  Specifically: 109 
 110 
 Restricting the rotational mobility of nanoparticles in suspension can significantly reduce their 111 
magnetic susceptibility [15-19].  Thus, nanoparticles retained on the rock surface tend to have a 112 
smaller susceptibility compared with similar particles in suspension that are fully free to move.  113 
We are unaware of this phenomenon having been included in previous studies. 114 
 115 
In addition, the quality of the results obtained from the use of MSL in monitoring and modelling 116 
column experiments can be improved by dealing with the following issues: 117 
 118 
 The manual application of MSL significantly limits the number of susceptibility profiles for use in 119 
modelling. 120 
 121 
 The measured magnetic susceptibility at a point in a column is actually a distance-weighted, 122 
integrated measurement.  The natural approach to analysing the results of an MSL experiment is 123 
to post-process the measured susceptibility data by deconvolution to give estimates of actual 124 
susceptibility at each point in the column, which can then be simulated numerically [12].  125 
However, the deconvolution approach is generally not error free [20]. 126 
 127 
We address the issues highlighted above by closely coupling an automated version of MSL with a 128 
numerical modelling system.  The resulting method of magnetic susceptibility monitoring and 129 
modelling (MSMM) facilitates the testing of 1-D transport models applied to column experiments 130 
even in ferruginous rocks.  MSMM is an automated, non-invasive system that provides multiple 131 
susceptibility profiles throughout an experiment.  It employs a modelling approach that automatically 132 
accounts for the difference in the susceptibility signals attributable to suspended and retained 133 
nanoparticles and avoids the need for data deconvolution. 134 
 135 
In the following, we demonstrate the use of MSMM in the development and testing of mathematical 136 
models of nanoparticle transport derived from experiments with columns containing media with 137 
contrasting properties, viz. (i) a clean quartz sand in which nanoparticle retention is insignificant, and 138 
(ii) a heterogeneous distribution of crushed Triassic Sandstone in which the retention processes are 139 
sufficient to prevent nanoparticle breakthrough within the time frame of the experiment. 140 
 141 
 142 
2. MODELS OF NANOPARTICLE TRANSPORT 143 
 144 
For the purpose of illustration, we consider nanoparticle transport to be describable here in terms of 145 
the processes of advection, dispersion, straining, and reversible and irreversible attachment to the 146 
rock.  Although we do not consider the effects of dual porosity or particle aggregation in this instance, 147 
there is no reason why appropriate models could not be applied if necessary.  The total mass of 148 
particles per unit bulk volume of rock is then given by 149 
 150 
)()1( RASS FFFρnnCMass   (1) 151 
 152 
where n is the porosity [-], 153 
C is the mass of particles per unit volume of fluid [ML
−3
], 154 
ρ
S
 is the density of the solid material comprising the rock [ML
−3
], 155 
F
S
 is the mass of strained particles per unit mass of rock [-], 156 
F
A
 is the mass of irreversibly attached particles per unit mass of rock [-], and 157 
F
R
 is the mass of reversibly attached particles per unit mass of rock [-]. 158 
 159 
Assuming the porosity to be constant in time, the one-dimensional mass balance equation can be 160 
written: 161 
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 164 
where u is the velocity [LT
−1
], and 165 
D is the hydrodynamic dispersion coefficient [L
2
T
−1
]. 166 
 167 
A wide variety of models has been used to describe the interaction between nanoparticles and the rock 168 
[21].  The following are presented simply to illustrate the application of the MSMM technique. 169 
 170 
Physical straining is described here by a straining factor, λ [L−1] [3, 22], giving: 171 
 172 
nuCλ
t
F
ρn SS 


 )1(  (3) 173 
 174 
Reversible attachment to the rock is described by:  175 
 176 
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 178 
where 
att
RK  is the attachment rate constant [T
−1
], 179 
det
RK  is the detachment rate constant [T
−1
], and 180 
max
RF  is the maximum mass of reversibly attached particles per unit mass of rock [-]. 181 
 182 
Irreversible attachment to the rock is derived from Equation (4) by setting the detachment rate 183 
constant to zero and replacing the subscript R by A to denote irreversibility.  184 
 185 
 186 
3. BACKGROUND THEORY OF NANOPARTICLE MAGNETISM 187 
 188 
3.1 Introduction 189 
 190 
In Section 3 we outline the theory describing the magnetic behaviour of a class of nanoparticles 191 
referred to as superparamagnetic, which are fundamental to MSMM.  Of particular interest here are 192 
magnetite nanoparticles with diameters of around 10 nm.  The discussion relates primarily to the 193 
property of magnetic susceptibility, its dependence upon nanoparticle numbers, and some issues 194 
concerning its measurement.  A summary of the principal theoretical results discussed here that 195 
underpin MSMM is given in Section 3.9. 196 
 197 
3.2 Magnetic susceptibility 198 
 199 
When a magnetic field (H) is applied to an object there is a tendency for the constituent material to 200 
become magnetized.  The (intensity of) magnetization, M, is the induced magnetic moment per unit 201 
volume. 202 
 203 
If the induced magnetization is parallel to the applied field, then the magnetic susceptibility, χ [-], is 204 
defined by 205 
 206 
dH
dM
χ   (5) 207 
 208 
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The representation of magnetic susceptibility in Equation (5) is also called the volume susceptibility to 209 
distinguish it from the mass susceptibility and molar susceptibility, which are mutually proportional. 210 
 211 
3.3 Diamagnetism and paramagnetism 212 
 213 
Diamagnetism is a sub-atomic-level property of all materials that gives rise to a negative contribution 214 
to the material’s total susceptibility. The principal materials in this study that are purely diamagnetic 215 
are deionized water, which has a susceptibility of −9.035×10−6 at 20°C, and quartz and PVC 216 
(polyvinyl chloride) with susceptibilities of approximately −1.54×10−5 [23] and −1×10−5 [24] 217 
respectively. 218 
 219 
Paramagnetic solids exhibit a positive total susceptibility due to a partial realignment of atomic 220 
magnetic moments in response to the application of an external magnetic field.  Removal of the 221 
applied field leads to demagnetization of the solid.  Paramagnetic minerals are common in rocks.  222 
Biotite, for example, has susceptibility in the range 1.5×10
−3
 to 2.9×10
−3
 [25]. 223 
 224 
3.4 Ferromagnetism and ferrimagnetism  225 
 226 
Ferromagnetic and ferrimagnetic nanoparticles have a spontaneous magnetization.  That is, each 227 
particle possesses a magnetization, without the application of an external magnetic field, due to the 228 
intrinsic arrangement of the atomic magnetic moments within the particle. 229 
 230 
The moments in a ferromagnetic particle are all aligned in the same direction, producing a strong 231 
magnetization.  Ferromagnetic elements (e.g. iron, cobalt and nickel) are rare in the environment in 232 
pure form.  Far more common are ferrimagnetic particles (e.g. iron oxides) in which the majority of 233 
the moments are aligned in one direction, but the rest are aligned in the opposite direction.  Typically, 234 
the spontaneous magnetization is anisotropic.  The form of the anisotropy can be complex, but there is 235 
generally an ‘easy’ axis of magnetization relative to the particle.  This defines two preferential 236 
directions of magnetization parallel to the axis, which represent minimum magnetic energy states.  237 
The magnitude of the energy barrier between those states depends upon particle size. 238 
 239 
3.5 Superparamagnetism 240 
 241 
The application of an external magnetic field superposes an additional minimum energy component in 242 
the direction of the applied field.  The resultant energy distribution has two minima; a primary 243 
minimum that tends towards the direction of the applied field with increasing field strength, and a 244 
secondary minimum in the opposite direction.  For sufficiently small nanoparticles, the thermal 245 
energy available at a given temperature can be sufficient to cause the magnetization to switch 246 
continuously between the two energy minima.  The average time between consecutive states is called 247 
the Néel relaxation time, τ
N
, and is given by 248 
 249 









Tk
KV
ττN
B
0 exp  (6) 250 
 251 
where τ0 is the reciprocal of the frequency of  attempts to jump the energy barrier, which is 252 
material dependent [T], 253 
K is the magnetic anisotropy energy density [ML
−1
T
−2
], 254 
V is the particle volume [L
3
], 255 
k
B
 is the Boltzmann constant [ML
2
T
−2Θ −1], and 256 
T is the temperature [Θ] 257 
[26]. 258 
 259 
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The argument of the exponential function in Equation (6) is the ratio of the height of the energy 260 
barrier separating the energy minima to the available thermal energy. 261 
 262 
The exponential dependence of τ
N
 on V leads to relaxation times ranging between fractions of a 263 
nanosecond and many thousands of years.  For large ferromagnetic and ferrimagnetic particles, the 264 
long relaxation time results in a remanent magnetization that persists when the magnetizing field is 265 
removed.  However, for sufficiently small particles, the mean magnetization rapidly decays to zero 266 
within typical measurement timescales.  Such small particles, which have a higher susceptibility than 267 
paramagnetic particles, but are similarly incapable of carrying a remanence, are termed 268 
superparamagnetic. 269 
 270 
Magnetite is a ferrimagnetic mineral that has a particularly high susceptibility.  Spherical magnetite 271 
particles with diameters less than 25-30 nm are often regarded to be superparamagnetic at room 272 
temperature [27, 28], although work by others [29, 30] suggests values as low as 17 nm are necessary 273 
in some circumstances. 274 
 275 
3.6 The susceptibility of superparamagnetic nanoparticles 276 
 277 
For a collection of identical, randomly orientated, superparamagnetic nanoparticles, the relationship 278 
between the net induced magnetization and the applied field resulting from thermal switching is given 279 
by: 280 
 281 









Tk
Hmμ
NmM
B
0L  (7) 282 
 283 
where L is the Langevin function:  284 
 285 
1)coth()L(  xxx  (8) 286 
 287 
and M is the induced magnetization [L
−1
I], 288 
N is the particle number density [L
−3
], 289 
m is the magnetic moment of each particle [L
2
I], 290 
µ
0
 is the permeability of free space [MLT
−2
I
−2
], and 291 
H is the strength of the applied magnetic field [L
−1
I]  292 
 293 
e.g. Powles [31]. 294 
 295 
As the applied field increases in strength, the magnetization increases to a limiting value, the 296 
saturation magnetization (Figure 1).  For weak applied fields, which are of interest here, the 297 
susceptibility is well approximated by 298 
 299 
Tk
mμ
N
dH
dM
χ
H B
2
0
0 3


 (9) 300 
 301 
indicating that the susceptibility is proportional to the particle number density and inversely 302 
proportional to the absolute temperature. 303 
 304 
3.7 The measured susceptibility of nanoparticles 305 
 306 
Typically, measurements of magnetic susceptibility are made by monitoring the magnetic response of 307 
an object to an alternating magnetic field.  The measured susceptibility, χ′, of a superparamagnetic 308 
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nanoparticle is related to the angular frequency, ω, of the applied field and the effective relaxation 309 
time, τ
eff,
 of a particle by  310 
 311 
221 eff




   (10) 312 
 313 
where    is given by Equation (9) and  314 
χ  is the stable, limiting value of the measured susceptibility with increasing frequency, 315 
given by 316 
 317 
KV
mμ
Nχ
3
2
0  (11) 318 
 319 
e.g. Worm [30]. 320 
 321 
Equation (9) through to Equation (11) indicate that, for weak magnetic fields, the measured 322 
susceptibility reduces with relaxation time, and is proportional to the particle number density and 323 
partly inversely proportional to temperature.  The sensitivity to temperature is not significant under 324 
typical changes in room temperature. 325 
 326 
3.8 The susceptibility of particles in suspension 327 
 328 
For superparamagnetic particles suspended in a fluid, changes in the net magnetization are partially 329 
determined by Néel relaxation, as in the case of particles rigidly fixed in space, but are also affected 330 
by the rotation of particles due to their Brownian motion.  This additional process is characterized by 331 
the Brownian relaxation time, τ
B, given by 332 
 333 
Tk
Vη
τ HB
B
3
  (12) 334 
 335 
where η is the fluid dynamic viscosity [ML−1T−1], and  336 
 337 
 V
H is the particle hydrodynamic volume [L
3
] 338 
 339 
[32, 33]. 340 
 341 
In this section, we make the simplifying assumption that nanoparticles retained on the rock surface are 342 
fixed and not significantly affected by Brownian motion. 343 
 344 
The effective relaxation time for particles in suspension [15] is given by 345 
 346 
N
BN
BN
eff τ
ττ
ττ
τ 

  (13) 347 
 348 
Equation (13) and Equation (10) together show that, in a given volume of rock, the measured 349 
susceptibility of a nanoparticle in suspension is greater than that of a similar nanoparticle retained by 350 
the rock. 351 
 352 
  353 
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3.9 Summary of the relevant properties of superparamagnetic particles 354 
 355 
 Superparamagnetic nanoparticles have a high susceptibility so can be detected in low 356 
concentrations (Section 3.5) 357 
 The susceptibility of nanoparticles is proportional to the number density (Section 3.6 and 358 
Section 3.7) 359 
 The susceptibility of nanoparticles is not sensitive to everyday changes in room temperature 360 
(Section 3.6 and Section 3.7) 361 
 The susceptibility of individual nanoparticles in suspension is greater than that of those 362 
retained on the rock surface (Section 3.7 and Section 3.8) 363 
 364 
The first two of the above properties are fundamental if magnetic susceptibility is to be used for 365 
measuring nanoparticle concentrations, and the third is convenient.  In this paper, we distinguish the 366 
proportions of free and retained nanoparticles by mass balance modelling. 367 
 368 
 369 
4. MATERIALS AND METHODS 370 
 371 
4.1 Materials 372 
 373 
4.1.1 Experimental rig 374 
 375 
An experimental rig was constructed capable of monitoring column experiments automatically with 376 
Bartington MS2C and MS2B sensors [34] (Figure 2).  The MS2C measures the susceptibility of slices 377 
across the column, and the MS2B measures the susceptibility of a known volume of fluid.   The rig 378 
was built on a wooden frame using non-magnetic materials to maximize the uniformity of the ambient 379 
magnetic field. 380 
 381 
An experimental column is suspended vertically and counterbalanced by an inactive column.  Flow to 382 
and from the column is via 1/16ʺ (1.6 mm) id silicon tubing, and is driven by a peristaltic pump.  The 383 
effluent is routed to a fraction collector taking integrated samples continuously over regular intervals 384 
to provide breakthrough curve data. 385 
 386 
The experimental column hangs through the middle of a horizontally mounted Bartington MS2C core 387 
logging device and is centralized in the 50 mm aperture by a system of brushes.  The column is driven 388 
vertically by a stepper motor, stopping at spatial intervals of 6.11 mm along the column where 389 
susceptibility readings are taken automatically using the core logger.  MS2C measurements are 390 
effected by applying an alternating magnetic field of frequency 565 Hz and amplitude 250 µT, which 391 
is approximately 5 times the strength of the Earth’s magnetic field at the experimental location.  This 392 
produces a sequence of readings at intervals of approximately 2 s.  Once the column has been 393 
scanned, it returns automatically to its initial position after which another scan begins.  Between 394 
scans, a single measurement is taken automatically 15 cm beyond the end of the column in air as a 395 
standard to allow correction for instrumental drift. 396 
 397 
The magnetic susceptibility of the injected and effluent ferrofluid can be measured manually using a 398 
Bartington MS2B dual frequency sensor (465 Hz and 4650 Hz), which accepts 10 ml cylindrical 399 
vials of fluid (Figure 2) and has a resolution of 2×10
−6
 [14]. 400 
 401 
The relationship between the susceptibility measured by the MS2C and underlying susceptibility of 402 
the sample in the column depends upon the aperture of the instrument and the diameter of the sample.  403 
The ratio of the magnitude of the response of the instrument to a cylinder of diameter d to its true 404 
susceptibility is given by 405 
 406 
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3
45.3 








C
d
D
d
f  (14) 407 
 408 
where D
C
 is the measurement coil diameter, nominally 8 mm greater than the diameter of the 409 
instrument aperture [14]. 410 
 411 
However, f
d
 is particularly sensitive to d for the dimensions of the equipment used in the experiments.  412 
In addition, although of less significance, the MS2C and MS2B instruments employ slightly different 413 
measurement frequencies.  Thus, there is a potential problem in accurately relating the measured 414 
susceptibility of fluid in the core to that of the influent and effluent suspensions.  The approach taken 415 
here is to determine empirically the ratio, R, of the susceptibility measured using the MS2C of a 416 
sample of fluid contained in an otherwise empty PVC pipe, to the susceptibility of the same fluid 417 
measured using the MS2B. 418 
 419 
In this experiment the standardizing measurement was taken at the inlet end of the column with the 420 
inlet tubing passing through the MS2C logger.  Using Equation (14), the fluid in the 1.6 mm diameter 421 
tubing has a measured susceptibility reduced from its true value by a factor of approximately 7.2×10
−5
 422 
which, for practical ferrofluid concentrations, gives values orders of magnitude below the range of the 423 
sensor.  Experiments confirmed that fluids in the tubing of concentrations twice that injected were 424 
undetectable. 425 
 426 
Control of the motor, susceptibility measurement, and the recording of measurements were achieved 427 
using a Raspberry Pi computer. 428 
 429 
4.1.2 Rock columns 430 
 431 
The results of two experiments are presented here.  The experimental columns comprised 40 mm od, 432 
34 mm id clear PVC pipes of different lengths.  Experiment 1 was conducted in a pipe filled with 433 
clean, fine-medium grained quartz sand (dried industrial sand).  Experiment 2 was conducted in a pipe 434 
filled with sandstone aggregates (sizes predominately between 0.5 mm and 1 mm), created by 435 
crushing two samples of English Triassic Sherwood Sandstone Group; haematite coated, carbonate 436 
cemented, fine-medium grained continental, mainly quartz sandstone containing feldspar, clays, and 437 
biotite [35].  Sediment samples were used in the experiments without further treatment. 438 
 439 
In both experiments, a holed rubber bung was fitted in the pipe with a Nitex 100 micron nylon filter 440 
screen covering the inside of the bung.  The pipe was held vertically, filled with water and the sample 441 
material was gradually added while the tube was gently agitated.  When full, a filter and rubber bung 442 
was fitted to the top of the pipe.  The weight of all components was measured to allow a porosity 443 
calculation to be made. 444 
 445 
4.1.3 Nanoparticles 446 
 447 
The nanoparticles used were Ferrotec EMG705 magnetite (Fe3O4) supplied as a 3.9% by volume 448 
suspension in deionized water with an anionic surfactant.  TEM images (e.g. Figure 3) indicate 449 
particle diameters to be normally distributed with mean 12.12 nm and standard deviation 3.38 nm. 450 
 451 
Nanoparticle suspensions were made up by diluting the stock suspension with deionized water.  The 452 
resulting concentrations and mean nearest neighbour inter-particle distances (calculated using the 453 
method of Tournos [36]) are given in Table 1.  All suspensions were left in an open flask to 454 
equilibrate with the laboratory atmosphere for two days and then sonicated for 30 minutes before use. 455 
 456 
Suspensions were found to be effectively stable in terms of mean particle size and magnetic response.  457 
A time series of dynamic light scattering measurements on the more concentrated suspension 458 
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(100 mg l
−1
) using a Malvern Instruments Zetasizer Nano ZS over a period of 74 hours indicated an 459 
increase in hydrodynamic diameter of less that 0.06% of the DLS estimated mean particle diameter 460 
per hour.  Independent experiments indicated that a similar suspension of nanoparticles in deionized 461 
water showed no significant change in the measured magnetic susceptibility for several days longer 462 
than the experiments reported here. 463 
 464 
4.1.4 Experimental procedure 465 
 466 
In the experiments described here, nanoparticle suspensions were made up with deionized water.  467 
However, more generally, a carrier fluid with a chemistry appropriate to a particular field situation 468 
might be required.  In general, the pumping sequence would be:  deionized water to remove 469 
potentially mobile natural colloids that might facilitate nanoparticle transport; water with the 470 
appropriate chemistry to prime the column and achieve a steady background susceptibility; a 471 
nanoparticle suspension; and water with the appropriate chemistry to flush the column fluid and 472 
remove any reversibly retained nanoparticles remaining in the column.  A final flush with deionized 473 
water might be valuable under some circumstances. 474 
 475 
Table 1 summarises key parameters characterising the experiments presented. 476 
 477 
Parameter Units Experiment 1 Experiment 2 
Length of column m 0.40 0.22 
Rock sample - Clean quartz sand Crushed Triassic 
Sandstone 
Gravimetric porosity estimate - 0.281 0.32 
Flow rate ml s
−1 
2.9×10
−3
 1.2×10
−2
 
Duration of injection hours  (PV) 24.7 (~25.4) 7 (~4.7) 
Duration of flush hours  (PV) 12.1 (~12.4) 13 (~8.8) 
Injected fluid concentration mg l
−1 
100 20 
Injected fluid susceptibility (MS2C) - 5.63×10
−4
 1.14×10
−4
 
Mean inter-particle distance nm 201 344 
Number of scans during injection - 434 221 
Number of scans during flush - 263 413 
Number of susceptibility 
measurements in the column 
- 46,002 19,654 
 478 
Table 1: Summary of parameters for each experiment described.  Times are reported in hours 479 
and pore volumes (PV). 480 
 481 
Following Experiment 1 a fluorescein tracer test was conducted in the column using the same test rig 482 
and plumbing.  Fluorescein was sampled using the fraction collector and analysed off-line. 483 
 484 
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4.2 Modelling strategy 486 
 487 
The purpose of modelling the experiments is to test models of nanoparticle migration.  The 488 
mathematical models considered here are outlined in Equation (2) through to Equation (4).  The state 489 
variables are related to the magnetic susceptibility, χ, due to particle transport by 490 
 491 
 )()1( ARSS FFFρnθnCγχ   (15) 492 
 493 
where γ is the susceptibility per unit mass of particles in a unit volume of column [M−1L3], 494 
and 495 
 θ is the ratio of the susceptibility of a particle attached to the rock to the susceptibility 496 
of a similar particle in suspension [-] and is assumed to be constant and independent 497 
of the retention process. 498 
 499 
Setting γ = 1 results in simulations with nanoparticle masses per unit volume of column expressed as 500 
equivalent susceptibilities, which is the approach adopted here. 501 
 502 
In experiments that exhibit nanoparticle retention, the parameter θ controls the overall mass balance, 503 
and is estimated under the conditions prevailing during a column experiment.  This approach is 504 
necessitated by the results of preliminary experiments in which nanoparticles were immobilised either 505 
in a gel or by freezing, giving values of θ of 0.72 and 0.33 respectively, indicating the potential 506 
importance of the mode of immobilisation. 507 
 508 
To avoid the need to post-process the experimental data by deconvolution, aspects of the monitoring 509 
are also modelled.  A measurement made with the MS2C device is effectively an integrated set of 510 
measurements taken over distances either side of the measuring coil.  The contribution to the overall 511 
measured value of a thin section of the column at a displacement L from the centre of the coil can be 512 
characterized by an empirically-derived instrument response function g(L), such that 513 
 514 
1)( 




dLLg  (16) 515 
 516 
Thus, measured values of susceptibility are convolutions of the actual values with the instrument 517 
response function.   518 
 519 
The overall approach to modelling is to: 520 
 521 
 simulate nanoparticle transport in the column; 522 
 apply a correction for the column diameter and the difference in frequencies of the MS2C and 523 
MS2B (Section 4.1.1.); 524 
 perform a numerical convolution of the model results with the instrument response function, to 525 
simulate the measured susceptibilities; and 526 
 estimate the transport parameters by comparing simulated measurements with experimental 527 
results. 528 
 529 
More formally, the model error at location x, measured from the inlet end of the sand column, is given 530 
by 531 
 532 
)]()([)()()( xχxχξdξxgξχRxε init





 (17) 533 
 534 
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where )(x  represents the measurements taken during the injection and flushing of nanoparticles, 535 
and )(xinit  is the measured background susceptibility. 536 
 537 
Following initial flushing with deionized water, susceptibility profiles of each column were taken and 538 
averaged to give an estimate of the background susceptibility.  The profiles included measurements 539 
taken beyond the inlet end of the column.  These additional measurements were used with 540 
measurements from the first 0.15 m of the column used in Experiment 2 to fit an instrument response 541 
function, given by a normal distribution with a standard deviation, σ, of 0.0141 m, with an RMS error 542 
of 2.26×10
−7
 (Figure 4a).  This result is supported by functions derived independently using fluid 543 
filled columns that gave σ = 0.0140 m and σ = 0.0149 m.   544 
 545 
The background in Experiment 2 shows an unexpectedly large, variable reduction towards the outlet 546 
end.  This cause of this reduction is uncertain.  Given the uncertainty in characterizing this region, the 547 
5 measurements nearest the outlet end of the column were not included in model fitting.  Figure 4b 548 
shows the background measurements for Experiment 1 with the instrument response function derived 549 
from the injection phase of Experiment 2. 550 
 551 
All calculations were carried out in MATLAB (MathWorks).  The finite difference grid size for 552 
numerical calculations was determined by refining the monitoring interval by increasing powers of 2 553 
until the consequent changes in the solution were negligible.  The calculations presented here were 554 
achieved with refinement by a factor of 16, giving a grid size of 3.82×10
−4
 m.  Output times were 555 
specified to match the experimental monitoring.  Calculation time steps were determined 556 
automatically by the pdepe routine in MATLAB.  Convolution calculations were achieved using an 557 
extended integration formula [20] based upon the refined grid.  Goodness of fit to the data was 558 
evaluated using the RMS of the error shown in Equation (17).  Automated model fitting was achieved 559 
using the optimization routine, fmincon. 560 
 561 
It is convenient to represent the data as a time series of susceptibility profiles (e.g. Figure 5).  562 
Consequently, for presentation purposes, data values at each measurement location have been linearly 563 
interpolated between actual measurement times to give values at regular time intervals.  Model fitting 564 
was carried out solely on the raw data. 565 
 566 
 567 
5. RESULTS 568 
 569 
5.1 Experiment 1 570 
 571 
Figure 5 shows samples of the 697 profiles measured above background during the early injection and 572 
the flushing phases of the experiment.  Measurements close to the ends of the column show reduced 573 
values due to the proximity of the regions beyond the ends of the column, which have zero 574 
susceptibility.  The profiles exhibit plateaux that vary along the column, but show a consistent 575 
structure over time.  This variability is almost certainly due to porosity variations along the column:  576 
the measured susceptibility is particularly sensitive to porosity in this experiment due to the strong 577 
contrast between the susceptibility of the magnetite suspension and that of the sand in the column.  An 578 
accurate calculation of the porosity variation from the data is not straightforward since susceptibility 579 
measurements represent actual susceptibility values integrated over distance.  However, a rough 580 
estimate can be established by ignoring the convolution effect of the measurement and assuming the 581 
sand to have a uniform susceptibility typical of quartz.  This approach suggests the full range of 582 
porosity variation inferred from the data to be around 2.7%. 583 
 584 
No nanoparticle retention was observed in the first 22 hours of the experiment.  For 2 hours during the 585 
injection phase starting at 1360 minutes (i.e. after the column was fully flooded with nanoparticles), 586 
the discharge was trebled to encourage physical straining, but nothing significant was observed. 587 
 588 
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The full dataset from within the column can be modelled well by a simple one-dimensional advection-589 
dispersion model with homogeneous parameters, using the measured porosity of 28.1% as the 590 
effective porosity and with a manually fitted dispersivity of 0.0015 m (Figure 5).  Optimised values of 591 
porosity and dispersivity were essentially the same at 28.07% and 0.0015 m respectively, with an 592 
RMS error of 5.9 × 10
−6
.  A movie of the full experimental data, the best fit measurement model, and 593 
the inferred underlying nanoparticle concentrations in each phase expressed in terms of equivalent 594 
magnetic susceptibility, are given in Figure S1.  595 
 596 
Figure 5 (b) indicates slightly elevated susceptibility measurements close to the inlet end of the 597 
column.  Deconstruction of similar columns indicates discolouration of the 100 micron filter screen at 598 
the injection pipe due to permanent particle attachment, which is the likely cause. 599 
 600 
The model inferred from the column data was used to predict the breakthrough curve measured using 601 
the fraction collector and the MS2B dual frequency sensor (Figure 6).  Each sample was collected 602 
over a period of one hour.  Mass recovery measured in terms of magnetic susceptibility was calculated 603 
to be 100% (to the nearest percent).  A partial fluorescein breakthrough is shown with open green 604 
circles, which agrees well with the susceptibility data. 605 
 606 
5.2 Experiment 2 607 
 608 
5.2.1 Overview 609 
 610 
Figure 7(a) shows 6 profiles of the spatial distribution of susceptibility above background at 70 611 
minute intervals during the nanoparticle injection phase of the experiment.   612 
 613 
Figure 7(b) shows the final profile presented in Figure 7(a) (indicated by measurements joined with a 614 
solid line) and a second profile taken 70 minutes into the period of flushing with deionized water.  615 
The temporal reduction in susceptibility in the first part of the column is due to the removal of the 616 
particles in suspension due to the flushing.  The increase in susceptibility towards the outlet end of the 617 
column is due to the continuing retention of particles as they are flushed from the inlet end.  The 618 
subsequent 369 profiles are effectively unchanging during the remainder of the experiment, over 619 
which time the mean standard deviation of the measurements at each location was 9.46×10
−7
 and the 620 
maximum standard deviation was 1.3×10
−6
 (Figure 8).  Thus, the profile in Figure 8 represents the 621 
mean magnetic susceptibility measurements obtained from the retention profile. 622 
 623 
The full set of results is shown as a movie in Figure S2. 624 
 625 
5.2.2 Identification of an initial conceptual model 626 
 627 
The detail and quality of the data obtained using MSMM can provide insights into (i) the nature of the 628 
retention processes operating in the column and (ii) the heterogeneity of the sediment in the column, 629 
using simple observations prior to numerical modelling. 630 
 631 
Figure 8 implies that retention, which is effectively total, is dominated by processes that are 632 
irreversible, at least on the time scale of the experiment.  Additional evidence suggesting the form of 633 
the retention processes can be extracted from Figure 7 and Figure S2, which show the rate of change 634 
of the peak value of susceptibility reducing with time to an effectively constant value.  These 635 
observations suggest the possibility that retention is governed by two processes:  one that proceeds at 636 
a steady rate, such as straining as described by Equation (2); and another in which the rate of retention 637 
tends to zero with time, such as reversible or irreversible attachment with a limited capacity as 638 
described, for example, by Equation (4) or an appropriately modified version of Equation (4) 639 
respectively. 640 
 641 
Figure 7, Figure S2 and Figure 8 show an unexpected hump in the profiles at approximately 8 cm 642 
along the column.  Plots of the logarithm of the susceptibility measurements with distance from the 643 
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initial peak onwards show two straight lines.  The location of the intersection of these lines does not 644 
change with time, suggesting a change in rock property around that location.  We hypothesise here 645 
that the transport properties change at a certain point in the column producing two effectively 646 
homogeneous regions with potentially distinct properties.  The heterogeneity is almost certainly due 647 
to the preparation of the contents of the column, which was carried out in batches for this experiment. 648 
 649 
5.2.3 Numerical modelling results 650 
 651 
Reversible attachment was not simulated since the data indicate the predominance of irreversible 652 
retention processes.For the purposes of demonstration, simulations were carried out using a combined 653 
model of straining and irreversible attachment.  The measured porosity of 0.32 was used throughout 654 
the simulations.  The solids in the sandstone are mainly quartz with an assumed density of 655 
2.65×10
3
 kg m
−3
. 656 
 657 
To account for the hypothesised spatial heterogeneity, the column was divided conceptually at 658 
x = 0.075 m into two regions with distinct parameter values.  Varying the porosity between the two 659 
regions was found to have little effect on the results.  The straining factor, λ, and the irreversible 660 
attachment rate constant, att
AK , were considered individually and jointly to vary spatially.  661 
 662 
Model calibration was achieved by optimizing the parameters in Table 2 using that part of the dataset 663 
covering the period in which measured values continue to change significantly; nominally the first 664 
500 minutes (265 profiles).  Subsets of the best fit modelling results are displayed in Figure 7, and in 665 
full as a movie in Figure S2.  The relative contributions of the constituent transport processes are 666 
shown for the end of the injection phase and in steady state during the flushing phase in Figure 9 and 667 
over the full simulation in Figure S2.  The shapes of the profiles in this experiment are dominated by 668 
the retention processes and, consequently, the optimized parameter values in Table 2 are not sensitive 669 
to changes in dispersivity.  For example, fixing the dispersivity at 0.001 m and optimizing the 670 
remaining parameters resulted in typical changes in the optimized parameters of approximately 1%. 671 
 672 
 673 
Parameter Units Optimised values 
 α m 1.50×10−3 
 λ (x < 0.075 m) m−1 7.22 
 λ (x > 0.075 m) m−1 9.42 
att
AK  (x < 0.075 m) s
−1 
1.61×10
−7
 
att
AK  (x > 0.075 m) s
−1 
2.45×10
−7
 
max
AF  - 1.83×10
−7
 
 θ - 6.50×10−1 
RMS error - 4.32×10
−6
 
Mean error - −3.24×10−7 
 674 
Table 2: Calibrated parameter values, RMS and mean errors (given to 3 significant figures) 675 
based upon the assumptions of heterogeneous att
AK and heterogeneous λ. 676 
 677 
Additional simulations confirmed that both assumed retention processes were required to reproduce 678 
the magnetic susceptibility measurements. 679 
 680 
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 681 
6. OBSERVATIONS AND COMMENTS 682 
 683 
6.1 Errors and the injection system 684 
 685 
The largest errors in the model fit in both experiments occur close to the inlet following a change in 686 
injected fluid.  In these experiments, both inlet and outlet consist simply of a narrow tube separated 687 
from the sediment in the column by a nylon mesh.  Consequently, neither flow nor transport close to 688 
the ends of the column is truly one-dimensional and, in particular, flooding the full width of the 689 
column with the new fluid is not instantaneous as would be required by a one-dimensional model.  690 
Thus, a one-dimensional advection-dispersion model that has been parameterised using the full 691 
dataset will overestimate the susceptibility near the injection end of the column during the early stages 692 
of nanoparticle injection, and underestimate the susceptibility as the flushing phase begins.  This is 693 
seen clearly in Experiment 1 (Figure 5).  In systems with nanoparticle retention, the exact magnitude 694 
and spatiotemporal extent of the error is determined partially by the kinetics of the retention processes 695 
and so the effect of the injection system is more difficult to predict.  Nevertheless, in Experiment 2, 696 
there is also an initial overestimate of the susceptibility close to the inlet in the first 30 minutes 697 
following nanoparticle injection (Figure S1).  Although the effect of an alternative injection system 698 
might be predicted by modelling in 2 or 3 dimensions, the use of MSMM could provide a useful test 699 
of such a system based directly upon measurement. 700 
 701 
6.2 The susceptibility of suspended and retained particles 702 
 703 
In Experiment 2, the optimized value of θ was found to be particularly stable for a variety of 704 
assumptions regarding the heterogeneity of the retention processes since its estimation is governed 705 
simply by mass balance considerations.  The estimated magnitude of θ (0.65) highlights the 706 
importance of distinguishing between the measured susceptibility of suspended and retained particles.  707 
As noted in Section 3.8, the reduction in Brownian rotation of nanoparticles with limited mobility 708 
causes a reduction in susceptibility.  Additional mechanisms that could have a similar effect are the 709 
subject of current magnetic nanoparticle research.  A fully quantitative understanding of such 710 
phenomena would be valuable in exploring the possibility and potential utility of a dependence of θ 711 
upon the nature of the immobilisation process. 712 
 713 
6.3 Complexity 714 
 715 
The effective use of MSMM in the quantitative characterisation of a simple transport system in which 716 
there is no evidence of particle retention or dual porosity effects has been demonstrated 717 
(Experiment 1).  As expected, MSMM maintains an excellent mass balance.  The breakthrough curve 718 
predicted from the advection-dispersion model derived from MSMM matches the breakthrough 719 
curves measured directly using independent magnetic susceptibility and fluorescein measurements.  720 
All breakthrough curves are consistent with an effective porosity that is in excellent agreement with 721 
the gravimetrically-derived estimate of bulk porosity.  MSMM-derived profiles show that, with the 722 
exception of the first few minutes (see Section 6.1 for discussion) the simple advection-dispersion 723 
model applies throughout the experiment. 724 
 725 
Analysis of the results of Experiment 2 demonstrates the potential value of data obtained using 726 
MSMM in the identification and parameterisation of a more complex set of transport processes, even 727 
in the absence of a breakthrough curve.  The RMS error and bias are just 3.8% and −0.28% of the 728 
MS2C-measured injection susceptibility respectively, and visually the model results reflect the 729 
principal features of the data, particularly after the early time data, which are influenced by the 730 
injection system.  It is perhaps worth noting here, that MSMM is a potentially powerful tool in 731 
understanding nanoparticle migration quantitatively, but that the choice of processes to include at the 732 
modelling stage should also take into account any additional evidence available, e.g. from batch 733 
experiments or particle size monitoring. 734 
 735 
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6.4 Heterogeneity 737 
 738 
Typically, column experiments are analysed by fitting a simple one-dimensional numerical model to 739 
the experimental results.  The effectiveness of this approach depends upon the homogeneity of the 740 
column.  In natural samples, homogeneity can be problematic.  For example, in columns of intact 741 
sedimentary rock the presence of stratification or lamination can introduce heterogeneous transport 742 
property distributions.  A common approach is to run experiments at right angles to the strata where 743 
possible.  This tends to lead to breakthrough curves that can be modelled by a set of effective 744 
parameters, but lack usable information on the distribution of parameter values in each section of the 745 
column.  Experiments conducted parallel to strata or laminations tend to result in more complex 746 
breakthrough curves that can be difficult to model convincingly, e.g. Bashar & Tellam [8].  MSMM 747 
uses measurements that are integrated across the column and so cannot completely resolve the 748 
problems that might arise from running experiments parallel to laminations.  However, it has been 749 
employed to identify a discrete property change along a column and investigate the underlying 750 
distribution of transport parameter values (Experiment 2).  More property zones might be included 751 
simply, but care must be taken with the interpretation as the number of parameter values increases.  In 752 
principle, continuous property variation along the length of the column characterised by a simple 753 
function could also be accommodated. 754 
 755 
Under favourable circumstances, background susceptibility measurements can provide information 756 
about the heterogeneity of the porosity of the column that could be incorporated in the modelling if it 757 
were thought to be necessary. 758 
 759 
6.5 Further implications 760 
 761 
The work reported here uses purely magnetic nanoparticles.  However, nanoparticles with a magnetite 762 
core covered by shells of other materials are now commonplace in medical applications. So, the 763 
surface properties of nanoparticles with a magnetite core can be engineered to reflect the behaviour of 764 
other materials.  The inclusion of an intermediate silica shell can reduce the magnetic interactions 765 
between particles effectively to zero [37].  Consequently, it is expected that MSMM could form the 766 
basis for investigating the transport properties of a wide range of metal oxide nanoparticles by 767 
utilizing appropriate core-shell nanoparticles. 768 
 769 
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Figure Captions 877 
 878 
Figure 1: Non-dimensional graphical representation of net particle magnetization (M) as a 879 
function of the applied field (H) with linear approximation for weak fields. 880 
 881 
Figure 2: Schematic diagram of experimental rig with photographs of the MS2C core logging 882 
sensor and MS2B dual frequency sensor.  The controlling computer and the wooden 883 
support frame are not shown.  The rig is approximately 2 metres tall. 884 
 885 
Figure 3: Sample TEM image of Ferrotec EMG705 magnetite nanoparticles used in the 886 
experiments.  The inset shows the size distribution of 265 manually measured 887 
nanoparticles (black dots) and the best fit cumulative normal distribution (red line). 888 
 889 
Figure 4: Background susceptibility profiles. 890 
 891 
(a) Mean of 5 measurements of the susceptibility of the column used in Experiment 2 892 
following the initial flushing with deionized water (filled blue circles).  Best fit 893 
model of susceptibility at the inlet end and central section of the column (red 894 
line).  Predicted susceptibility at the outlet end of the column (green line).  The 895 
extent of the column is shown in brown. 896 
 897 
(b) Mean of 3 measurements of background susceptibility of the column used in 898 
Experiment 1 with the instrument response function shown in (a). 899 
 900 
The extent of each column is shown in brown. 901 
 902 
Figure 5: A sample of magnetic susceptibility profiles above background from Experiment 1 903 
(solid blue circles) and the corresponding best fit profiles (red lines) taken at 904 
70 minute intervals:  905 
 906 
(a) during the early injection phase and 907 
 908 
(b) during the flushing phase. 909 
 910 
The temporal sequence of profiles runs from left to right in both figures. 911 
 912 
Figure 6: Breakthrough curves (Experiment 1) standardised by the injection susceptibility or 913 
concentration as appropriate.  Red line:  predicted breakthrough curve derived from 914 
fitting susceptibility data from within the column.  Solid blue circles:  magnetic 915 
susceptibility.  Open green circles:  fluorescein. 916 
 917 
Figure 7: A sample of magnetic susceptibility profiles above background from Experiment 2 918 
(solid blue circles) and the corresponding best fit profiles (red lines) taken at 919 
70 minute intervals (a) during the injection phase and (b) immediately prior to the 920 
flushing phase and 70 minutes later.  The solid blue line represents the same profile in 921 
both graphs. 922 
 923 
The temporal sequence of profiles in (a) is indicated by increasing susceptibility.  In 924 
(b) the profile shown with the solid blue line precedes that shown with the dashed 925 
blue line. 926 
 927 
Figure 8: Mean retention profilemagnetic susceptibility measurements above background 928 
averaged over the final 369 profiles measured in the experiment.  The mean measured 929 
susceptibility is shown by red crosses.  The error bars (black) represent ±3 standard 930 
deviations of the measurements at each location. 931 
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 932 
Figure 9: Measured susceptibility profile and MSMM-inferred susceptibility profiles (a) at the 933 
end of the injection period (420 minutes); and (b) at steady state during the flushing 934 
phase (510 minutes). 935 
 936 
Blue crosses represent measured values of susceptibility above background 937 
(interpolated in time) and the red line gives the model fit to the data.  The remaining 938 
lines show modelled values of the components of the actual susceptibility.  Blue:  939 
total susceptibility of retained particles:  Yellow:  irreversibly attached phase.  940 
Brown:  strained phase.  Green:  fluid phase. 941 
 942 
 943 
Supplementary Material Figure Captions 944 
 945 
Figure S1: Measured susceptibility profiles and MSMM-inferred susceptibility profiles 946 
(Experiment 1). 947 
 948 
Blue crosses represent measured values of susceptibility above background 949 
(interpolated in time) and the red line gives the model fit to the data.  The green line 950 
shows the modelled fluid phase component of the underlying susceptibility. 951 
 952 
Figure S2:  Measured susceptibility profiles and MSMM-inferred susceptibility profiles 953 
(Experiment 2). 954 
 955 
Blue crosses represent measured values of susceptibility above background 956 
(interpolated in time) and the red line gives the model fit to the data.  The remaining 957 
lines show modelled values of the components of the underlying susceptibility.  Blue:  958 
total susceptibility of retained particles:  Yellow:  irreversibly attached phase.  959 
Brown:  strained phase.  Green:  fluid phase. 960 
 961 
